Introduction
Open-cell foams are cellular materials consisting of a porous matrix of interconnected solid struts delineating numerous multiply connected pseudospherical pores, whose interconnections allow the passage of the fluid through the structure. Such foams can be metallic or non-metallic. Their main properties are light weight, high surface to volume ratio and high permeability to the fluid flow, making foams suitable in a wide range of engineering applications. These include structural applications, mechanical energy absorbers, filtering devices and pneumatic silencers [1] . With specific regard to fluid flow and heat transfer applications, foams can be used in the design of compact heat exchangers, heat sinks for cooling of microelectronic devices such as computer chips or power electronics, or as catalytic substrates in exhaust treatment devices for internal combustion engines [2] . For this last application open-cells foams are regarded with interest as a substitute for the traditional honeycomb monolithic substrate: the adoption of a package of foam layers having different properties could lead to a more flexible design for the device, allowing it to deal in a more effective way with the typical requirements such as low pressure drop, high catalytic surface, and fast heating after cold engine start.
The pressure drop given by the foam is one of the key parameters in the design of devices involving porous media. Many works are available in the literature investigating the phenomena leading to the pressure drop, focusing in particular on the influence of the flow regime and on the effects of the geometrical properties.
With regard to the flow regime many authors [3, 4, 5, 6] agree that, in a generic porous media, a transition from laminar to turbulent flow will occur at a critical Re number. The flow regime occurring in the media for a particular pressure gradient is strictly dependent on the geometrical parameters, the porosity and the pore size. The latter is usually used as the characteristic dimension in the definition of the pore-based Re number [7] : small pore size usually leads to low Re, restricting the regime to the laminar range. This is the case for low permeability porous media such as soil, for which the analysis When an open-cell foam matrix is included in a device, the most important design parameters for the optimization of the foam behaviour are the geometrical properties and, to some extent, the topology of the microstructure. This justifies the effort to characterize the dependence of pressure drop on the foam geometrical properties. Several correlations have been proposed in the past to relate the permeability and form coefficient of the foam to the porosity and/or pore size; a complete list of correlations based on empirical and analytical models can be found in [12] . With regard to the topology, this is usually quite standard since open-cell foams are manufactured for most cases with pseudo-spherical cells. However, the topology is often modified a-posteriori by means of compression, in order to enhance heat-transfer properties. Experimental work from Boomsma [13] and Dukhan [14] investigated the effects of compression factor, porosity, and pore size for aluminum foams.
Along with experimental investigations, CFD approaches have been applied to the study of open-cell foams. Two main approaches have been adopted to reproduce the complex micro-structural geometry. Some authors [7, 15] have considered an idealized periodic structure, generated in order to match specific global parameters such as the porosity or the averaged dimensions of pores and struts. The main advantage of this approach is that the computational domain can be reduced to a single elementary cell, which coincides with the Representative Elementary Volume (REV) of the foam. Another approach consists of adopting X-ray computed tomography [16, 12, 36] to record the foam micro-structure, using suitable techniques [17] for the generation of the geometry and computational mesh from the scanned images.
The aim of the present work is to apply CFD to the investigation of the phenomena affecting the pressure drop in an open-cell foam. CFD is a valuable tool for understanding the physics, since it gives an insight into details of the flow which are difficult to obtain experimentally. In this study the transition from the laminar to the turbulent regime in an idealized foam is investigated by means of unsteady detailed numerical simulations. The effects on the pressure drop are analysed, showing a deviation from the laminar DarcyForchheimer standard behaviour. Moreover, a real foam micro-structure was reconstructed by means of computer tomography, in order to investigate the influence of fluid properties, porosity and pore size on the pressure drop.
The paper is structured as follow. Firstly the methodology adopted in this investigation will be explained. Then a brief discussion on the physical models proposed in previous works for the description of the pressure drop in porous media will be given. The problem will be studied resorting to nondimensional considerations, defining quantities and developing a relationship to be adopted for the analysis of the results. Finally, the CFD model used in this work will be discussed and the results will be presented and analysed, together with comparison with previous studies published in the literature.
Methodology
The analysis has been conducted using a combination of micro-CT, imagebased modelling and CFD. The first two techniques have been applied to reconstruct the actual geometry of a metallic foam and to generate a computational mesh, on which the CFD simulations were performed. The approach is quite general and can be applied in different fields, some examples can be found in the literature related to biomedical applications [18] , simulation of flow in packed beds [19] or open-cell foams [16] . With regard to simulations of open-cell foams, this technique allows the consideration of the real microstructure of the media without introducing any idealization of the geometry.
Moreover, the reconstructed geometry can be artificially modified in order to investigate the effects of mathematical transformation of the geometric parameters of the foam. Opening or dilation transformations can be applied in order to modify, in an independent way, parameters such as the porosity or the pore size. This kind of study would be difficult experimentally, since it would require the use of different foam samples which could not be guaranteed to have exactly the same morphology. In addition, the effect of parameters such as the specific surface or the cell size distribution have been investigated: these are difficult to be measured experimentally but easy to be determined when the reconstructed geometry is available.
In the first stage of the work an ideal foam structure generated by CAD has been considered. In this case the regular morphology of the foam allows us to exploit some symmetries in the solution of the problem in such a way that the dimension of the representative elementary volume (REV) for the micro-structure is minimized. A detailed unsteady simulation has been set up in order to assess aspects of the flow regimes at different Reynolds numbers. These simulations have been used as points of comparison for steady RANS simulations, in order to obtain guidelines for the choice of the mesh refinement level and of the appropriate turbulence model. Once the proper choice of mesh and turbulence model was determined, RANS simulations were performed on a real foam geometry in order to investigate its permeability properties and the effects of variation of its geometric parameters.
In order to consider flow regimes characterized by a Re number higher than the upper limit of validity of the Darcy-Forchheimer law, generic nondimensional coefficients were defined for the analysis of the results.
Ideal foam geometry
Geometric idealizations of the foam micro-structure have been largely adopted for analytical and computational studies [20, 7] . The main advantage of the simulation of an ideal foam is that the regular structure of the geometry together with the application of cyclic boundary conditions allows the reduction of the simulation to a single elementary cell. This leads to a considerable reduction of the size of the problem to solve, resulting in a significant speed-up of the calculations. On the other hand, it becomes also feasible to refine the computational grid, in order to set up a detailed unsteady simulation for investigating the turbulence phenomena occurring at high-Re flow regimes. 
Micro-CT technique
The second step of the analysis was to move towards a real foam structure.
To this purpose a sample of a real open-cell Al-alloy foam, having relative density equal to 4% and 40 ppi nominal pore density, was considered in this work ( Figure 2 ). Micro Computed Tomography has been applied for the reconstruction of the actual geometry of the sample. In a micro-CT scanner a X-ray cone beam passes through the sample and is collected by a detector; the sample is rotated providing a series of 2D projection images at different angles. A 3D voxel dataset is then reconstructed from the stack of 2D images using inverse methods. In the current case a Nikon Metrology Benchtop 160 micro-CT system was used; this uses an electron gun operating at up to 160 keV and a metal target to generate a cone of X-rays through bremsstrahlung;
both the electron gun voltage and target metal can be altered to provide a range of spectra and penetration suitable for imaging a range of material compositions from soft biological samples to metal composites, including the metal foams used here. The sample is mounted in the beam between the target and a flat panel detector, and rotated to provide the 2D projection images. The exact resolution depends on the ratio between the target-sample and target-detector distances and is thus dependent on the beam angle and sample dimensions, but resolutions down to 3µm are possible. The voxel dataset has been segmented using the software ScanIP (Simpleware Ltd). Segmentation is a process of binarisation of the data set into fluid and matrix regions identified as a binary allocation of voxels in the dataset.
ScanIP provides numerous tools for the automatic or (where necessary) segmentation of the data, including thresholding algorithms used here. The segmentation process ( Figure 3) is not unique because the correct threshold value on the grayscale of the image for the transition between solid and fluid is not known a priori. However, as shown in Figure 4 , there is a relationship between the porosity of the reconstructed foam geometry and the threshold value: if the actual porosity of the foam is experimentally measured, this information can be properly used for setting the correct threshold value. At this stage it is also possible to apply various mathematical transformations to the mask, e.g. erosion or dilation, in order to manipulate the mesh geometry; this will be discussed further later in the paper. Having segmented the voxel dataset a base cartesian mesh is then created using the Marching Cubes algorithm which is then truncated and smoothed to form a surface geometry of the microstructure which can be exported as an STL (stereolithography) file. 
Mesh generation and geometric characterization
The computational mesh was generated starting from the STL geometry file, generated by CAD or by the segmentation software. For the meshing process a cartesian mesh generator (snappyHexMesh, a utility included in the open-source CFD toolbox OpenFOAM [22]) was adopted. It is based on the octree concept, where each cell is halved in the proximity of the boundaries. In a first stage, the castellated mesh approximates the shape of the foam in a stair-step way. Then, vertices are moved to the nearest boundaries by means of a smoothing algorithm. Therefore, the mesh generated adopting this strategy is predominantly hexahedral, with a small percentage of polyhedral elements near the boundary walls, as shown in Figure 5 .
The reconstructed geometry has been characterized in terms of the quanti-ties defining the geometrical properties of the micro-structure, namely the porosity Φ, the specific surface σ, the cell size d c and the pore size d p . All these quantities have been determined from the computational mesh. In particular the cell and pore sizes were computed on the basis of the opening-size approach adopted by Vogel [23] . This consists of associating at every point in the space the diameter of the largest sphere which includes the point and fits completely within the void space. Then, the implemented algorithm reconstructs the void space with regular spherical elements by flagging the points contained in each sphere by its diameter value, as shown in Figure 6 
Artificial modification of foam geometrical parameters
The geometrical parameters of the Al foam described so far were modified by applying particular mathematical transformations within ScanIP in order to investigate the effect on the pressure drop. The application of mathematical transformations to the geometry allows us to modify the geometric The properties of these foams are listed in Table 3 . The effect of a variation of the porosity was investigated by applying an opening transformation on the base real foam: this operation, performed on the voxel dataset, consists of moving, by a certain number of pixels, the boundary of the solid region in a direction normal to the surface ( Figure 9 ).
In this way the morphology of the micro-structure is preserved but the actual cross-section of the ligaments constituting the solid matrix is changed. This transformation determines a change of the porosity and the specific surface of the foam, as shown in 
in which L p represents a characteristic dimension for the media micro-structure.
A possible definition of L p , often used in the study of granular media [7] consists of adopting the square root of the permeability √ K, leading to the permeability-based Re K . However, a better method for characterizing the flow, especially when open-cell foams are considered, is to use the pore-based
Re p [13, 25] , where the characteristic dimension L p is assumed equal to an average pore size. This definition has the advantage of being based only on a foam geometrical dimension and, in contrast to Re K , does not depend on the permeability, which needs a direct measurement of the pressure drop in order to be determined. Considering the latter definition of the Reynolds number, limit values can be specified to distinguish between different flow regimes. 
At higher Re p the flow becomes unsteady. In particular, for 150 < Re p < 300, in the post-Forchheimer regime, laminar wake oscillations appear, and, for
Re p > 300, the flow becomes fully-turbulent, highly unsteady and chaotic.
In these regimes the Darcy-Forchheimer law is no longer valid. Different 
where U D is the Darcy velocity, ρ the fluid density, µ the fluid viscosity and Eqn. 3 can be expressed as:
If the Darcy-Forchheimer regime is considered, the Darcy-Forchheimer law (Eqn. 2) can be recovered by expressing the functional dependency F 1 (Re)
as:
where:
where K is the permeability and C the form coefficient. In the framework of the Darcy-Forchheimer regime the coefficient A can be seen as the inverse of an non-dimensional permeability coefficient:
This relation expresses the influence of two contributions on the permeability K: a non-dimensional permeability K, taking into account the morphology If the analysis is extended beyond the limits of the Forchheimer regime, the Darcy-Forchheimer law can no longer be valid and Eqn. 5 should be replaced with an alternative relationship. In the following it will be shown that the results of CFD calculations can be correlated in the turbulent regime by a similar function to Eqn. 5, but with different values of the coefficients:
This correlation is similar to that proposed in [9, 10] for packed beds. Figure   10 shows the typical dependence of Π 1 on the Re number at the different flow regimes, according to Eqns. 5 and 8.
Moreover an alternative non-dimensional relationship for Eqn. 3 can be derived chosing (U D , ρ, d c ) as repeating variables, leading to the following:
In this case the coefficient Π 2 is related to the Darcy friction factor f commonly used to describe the pressure drop in circular pipes:
The relationship Π 2 − Re, when plotted in double logarithmic scale ( Figure   11 ), is particularly useful for studying the behaviour at very low Reynolds numbers, where the Π 2 varies as A D /Re in the Darcy regime, and at high
Reynolds number, where it asymptotes to a constant value B turb in the fullyturbulent regime.
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For the estimation of the computational cost of a DNS, it should be consid- Moreover, when RANS simulation are used, the issue of the modelling of flow behaviour near the wall needs to be considered. In order to have a good quality mesh in the near wall region, a certain level of refinement is usually needed, leading to a value of y + < 1. In this case high-Re turbulence models, such as the k − ǫ with standard wall functions, are not suitable and low-Re models should be adopted [27, 28] . These models explicitly solve the flow in the boundary layer, describing the transition from the viscous sublayer to the turbulent core of the flow. However it can be noticed that the complexity of the geometry makes particularly challenging the modelling of the boundary layer with a suitable layered mesh, i.e. hexaedral mesh perpendicular to the surface, and therefore a certain degradation of the quality of the mesh in this region needs to be accepted.
Numerical Simulations
Numerical simulations were performed using the open-source OpenFOAM CFD software package [29] , which is based on the finite volume formulation [30] for the discretization of the governing equations. Simulations were performed first for the ideal foam case and then for the real foam geometry.
Two kinds of CFD investigations were performed: direct numerical simulations (DNS) and steady-state laminar/RANS simulations [28] .
The DNS, performed only on the ideal foam geometry, was run at two different Reynolds numbers: a) Re = 200, corresponding to a Post-Forchheimer flow regime, and b) Re = 500 corresponding to a fully turbulent regime. The mesh consists of 4.1 · 10 6 elements having size ∆x = 2 · 10 −5 . In Table 5 the Kolmogorov length scale η and temporal scale τ η are listed for the two flow regimes. For both cases the mesh size ∆x is of the same order of magnitude of the Kolmogorov length scale η, coherently with the aim of describing all the scales of the problem. In Figure 13 .a a detail of the mesh is shown: a castellated mesh is adopted to discretize the near-wall region to preserve absolute mesh quality, as against using a body fitted mesh which would require non-orthogonal, non-hexahedral cells, reducing the numerical accuracy. The PISO (Pressure-Implicit with Splitting of Operators) algorithm [30] was adopted for the pressure-velocity equation coupling. The convection term in the equations was discretized using a limited third order interpolation scheme (limitedCubicV [22], a bounded high-order scheme that takes into account the direction of the flow field). For the discretization of the equation in time the second-order accurate Crank-Nicholson scheme [28] was adopted.
The Courant number was set equal to 1 in order to satisfy both accuracy requirement and stability issues.
In order to verify that energy is transferred from large to small scales in a physical way, the turbulent kinetic energy spectrum has been computed. In Figure 12 the spectrum of the turbulent kinetic energy E = Steady-state laminar/RANS simulations were run for both the ideal and real foams adopting the SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm [31] . The mesh parameters for the discretization were chosen by conducting a sensitivity analysis; the minimum cell size was ∆x =
5.2·10
−4 resulting in 1.2·10 6 cells in the case of the real Al foam. The mesh is refined near the wall up to three times and then snapped on the foam surface, in order to reconstruct the geometry with enough accuracy (Figure 13 .b). An upwind scheme was adopted for the discretization of the convective terms.
With regards to the turbulence modeling, simulations were run both in the laminar case or applying the low-Re k − ωSST model proposed by Menter [32] . No significant differences were found in the pressure drop prediction between the two cases. Moreover the results were found to be in agreement to those provided by the DNS simulations. Figure 21 and the Moody chart [33] for the flow in a pipe, it can be observed that, in both cases, the pressure drop is a function of 1/Re in the laminar regime and is not dependent on Re in the turbulent regime. Figure 23 , where the maximum velocity is no longer located at the point B3, which is at the maximum distance from the micro-structure walls on the section considered, but it moves to point B1, which is in the same direction as point A1. On the other hand it is noticeable that the velocity variation from the minimum to the maximum value is gradual, resulting in a parabolic velocity profile, due to the viscous forces which are not negligible. At Re = 700 ( Figure 24 ) the flow is dominated by inertial forces which distort the velocity profile. The maximum In a porous medium, two major contributions to the pressure drop can be distinguished, namely viscous and inertial, according to the basic idea expressed by the Darcy-Forchheimer law. Considering the case for Re = 5 (Darcy regime), it can be noted that the dissipative viscous mechanism is similar to that observed for a laminar flow in a channel, with a variation of the velocity from zero at the wall to a maximum value where the flow area is largest, according to a parabolic profile. At Re = 50 (Forchheimer regime) the flow is still laminar, but the velocity drops to zero not only at the walls but also in stagnation regions occurring within the velocity field. In this regime, due to the effects of inertia, the flow field is modified in such a way that laminar viscous stresses increase. At Re = 700 (fully-turbulent regime) flow regions and stagnation regions can be clearly distinguished. The velocity profile in flow regions exhibits similarities to the turbulent flow in a channel, with a constant velocity value in the bulk of the flow. In the case of opencell foams this velocity profile is promoted by the mixing of different high inertia flow streams coming from adjacent pores. The dissipation mechanism is related to the high stresses generated at the boundary between stagnation region and flow region, due to the sharp variation in the velocity value.
From this it can be observed that the dissipation mechanism changes significantly at low Reynolds number, due to the increase of inertial forces pass- Despite the fact that turbulence should increase the dissipative contribution to the pressure drop, no significant differences have been demonstrated by means of the approaches previously discussed, namely DNS and RANS simulations with and without turbulence model. The justification of this behaviour is that the major contribution to the pressure drop in fully-turbulent region is given by the high inertial forces in the fluid flow, which are also responsible for the development of turbulence. In this framework, the contribution of turbulence to the dissipation results in a negligible influence on the overall pressure drop, which instead is mainly governed by inertia. In order to support this explanation, the relative contribution of the viscous and and inertia forces has been evaluated for the case in exam. In Figure 25 it can be seen that the viscous drag contributes for more than the 50% in the laminar regime, while at high Reynolds numbers its contribution becomes lower than the 25%. In this conditions the pressure drop is mainly determined by the form drag, whereas the contribution of the turbulence, which basically 
Al foam
Steady-state simulations for the Al-foam were run for the laminar case.
The analysis aims to investigate how the foam micro-structural properties, like pore density and porosity, influence the pressure drop.
Effect of the variation of the pore density
In this section the effect of the modification of the foam pore density is Table 6 . This analysis suggests that the permeability K correlates with the pore size d c according to the following equation:
This is consistent with the non-dimensional analysis and highlights the fact that the permeability becomes null when the pore size approaches zero.
Moreover, the reason for the relationship between permeability and pore size can be found considering that, keeping constant the morphology of the foam, the pore size d c is proportional to 1/σ. This means that the specific surface decreases with the pore size, reducing the contribution of the viscous forces to the pressure drop. With regards to the form coefficient, it can be found that:
This means that, for a given foam geometry, the pressure drop due to the inertial term decreases for higher values of the pore size d c . In Figure 28 nondimensional curves of two experimental results published by Du Plessis [34] are also plotted. These are relative to foams having porosity (97%) similar to that one of the Al foam and 45 ppi and 60 ppi pore density. The experimental data seems to be in agreement with the simulations, confirming the validity of the numerical approach.
Effect of the variation of the porosity
Variation of the porosity cannot be accomplished without affecting the morphology of the foam. When the opening operation is performed the pore size and the specific surface of the foam change together with the porosity.
This affects both the viscous and inertial contribution to the pressure drop. with high values of the coefficients for the low porosities. In Table 6 the values of the coefficients in the Darcy-Forchheimer regime and in the turbulent regime are listed.
Furthermore, the dependency of these coefficients on the geometric properties of the foam was investigated. Figure 32 and Figure 33 show that the non-dimensional permeability K correlates exponentially with the porosity while the non-dimensional form coefficient B decreases in a linear fashion.
This is in accordance with the experimental work on compressed foam published by Dukham [14] , who highlighted the same trends for the permeability and the form coefficient. In order to understand the physical reasons leading to the variation in permeability, the dependency of the surface density on the porosity must be considered. Figure 32 shows a decreasing trend for the surface density, which follows a a 1 (1 − exp(a 2 Φ)) law. This suggests that, considering a porosity variation, the permeability increase is strictly related to the decrease of surface density. This dependency is highlighted in Figure   34 , which shows that a linear relationship can be found between the square root of the non-dimensional permeability √ K and the surface density σ.
The same analysis of the coefficients can be undertaken for turbulent Re numbers. In these cases the coefficients K turb and B turb can be defined starting from the intercept and the slope coefficient of the trend line in the turbulent region. Figures 32, 33 and 34 show the dependence of K turb and B turb on the geometric parameters. In particular, the same linear dependency on σ and Φ highlighted for the low Re coefficients can be noted also for K turb and B turb . However the value of K turb is lower than K over the whole range of porosity/specific surface. The same consideration is valid also for B turb , which decreases linearly with the porosity Φ, exhibiting however a less steep slope compared to the coefficient B in the laminar region. 
Conclusions
In this work CFD was applied to investigate the physical phenomena af- the characterization of the flow behaviour for an arbitrary fluid. Finally the effect of variation in the porosity was considered, showing that the dependence of the permeability on the porosity can be assumed to be exponential, as proposed in previous work. The reasons for this behaviour were investigated, leading to the conclusion that the square root of the permeability has a linear dependence on the specific surface, which changes with the porosity following an exponential law.
